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SUMMARY 

The lunar r i l l e s ,  maria ridges, and maria domes a re  spacially 

associated with low areas of the lunar surface, the maria, and imme- 

d ia te ly  adjacent te r rae .  The spacial association implies a genetic 

relationship.  The morphology and s t ruc tura l  se t t ing  of most of the 

r i l l e s  suggests t ha t  they are  tectonic features  of tensional or igin 

produced by downward bending of m a r i a  borders during a stage of maria 

foundering. The domes and ridges were most l ike ly  produced by small 

cent ra l  erupt,ions or  by laccol i thic  intrusions. Most of the  ridges 

appear t o  be volcanic structures which grew above dike feeders during 

the  last stages of maria f i l l i n g .  Age relationships and s t ruc tura l  

se t t ings  of the r i l l e s  and ridges fur ther  suggest t ha t  the formation 

of these features  took place i n  sequence, ridges and domes followed 

by ri l les.  

repeatedly during a long his tory of m a r i a  growth'and tha t  the maria 

It is suggested here tha t  th i s  sequence of events occurred 

grew t o  t h e i r  present s izes  by successive stages of volcanic inunda- 

t ion  and collapse. Circular maria probably resul ted from a simple 

enlargement of i n i t i a l l y  c i rcular  depressions whereas the i r regular ly  

shaped maria resulted from a coalescence of two  o r  more growing baeins 

o r  depressions. 
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INTRODUCTION 

Modern interpretations of the mechanism of formation of the maria 

are varied. 

of lava flows originating i n  the Moon's i n t e r io r  by radio-active heat- 

ing and released t o  the surface by fracturing produced by impacts of 

great  planetesimals. Urey (1962) agrees tha t  the maria are composed 

Kuiper (1954) has postulated tha t  the maria are  composed 

of lava but s t a t e s  t ha t  the lava may have been produced by liquefac- 

t i on  of impacting low velocity planetesimals. Gold (1955), on the 

other hand, has s ta ted tha t  the  dark areas of the Moon are  not lava 

but  thick layers of dust formedby various processes of erosion i n  the 

highlands and transported t o  the low areas where they were deposited. 

Baldwin (1963) agrees w i t h  Kuiper and Urey tha t  the maria a re  made up 

of lava flows, but disagrees i n  the postulated mechanism of formation 

o r  time of' eruption. He maintains that they origini-ted i n  *he in t e r io r  

of the Moon through radioactive heating and were erupted t o  the sur- 

face long after the maria basins had been formed by impact of large 

bodies. More recently Lowman (1963) has concluded tha t  the maria are  

the  lunar equivalents of terrestrial lopoliths,  large basins f i l l e d  

mainly w i t h  basa l t i c  rocks overlain by tuffs, rhyolites,  and granophyres. 

The purpose of t h i s  paper is t o  examine the morphology and s t ruc-  

t u r a l  se t t ing  of those topographical features  which are associated 

sp ic i a l ly  with the maria i n  ezi & k a p t  t o  throw inore l i gh t  on Yne 

possible mechanism of or igin of those regions of the Moon. Rilles, 

ridges, and domes are  uniquely associated with the maria and the ime- 

dia te ly  adjacent terrae.  
4 

For t h i s  reason it seems cer ta in  tha t  they 
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were produced by the same processes which gave r i s e  t o  the maria. A 

knowledge of t h e i r  form and structure, therefore, should provide the 

most re l iab le  basis f o r  interpreting the mechanism of maria formation. 

THE RILLE3 

Lunar r i l l e s  are  trenches i n  the lunar surface. Some are s t ra ight  

over large distances, some are arcuate i n  plan, some exhibit  irregu- 

l a r l y  branching patterns,  and others are exceedingly sinuous. Because 

of t h e i r  morphological divers i ty  it i s  convenient t o  describe each 

group individually. 

The Straight Ri l les  

The most obvious r i l l e s  on the lunar surface are s t ra ight  i n  

trend. They range i n  length from barely detectable t o  hundreds of 

R ~ ~ a z t e r s .  Each is long relat ive t o  its widLh, the maximum width 

observed being approximately 5 km. The s t ra ight  r i l l e s  ra re ly  occur 

singly but ra ther  are  found i n  sets,  often exhibiting en echelon pat-  

t e rns .  

face  are the Cauchy set (1 i n  Fig. 1) , the Apollonius set ( 2  i n  Fig. 1) , 
t he  Goclenius set (3  i n  Fig. 1) , the Mersenius set ( 4  i n  Fig. l), and 

the Ariadaeus -Hyginus system ( 5  in Fig. 1). 

associated with maria borders. The Cauchy s e t  borders Mare Tranquil- 

l i t a t i s  on the northeast; the Apollonius se t  i s  found on the northeast 

margin of Mare Fecunditatis; the  Goclenius s e t  bounds Mare Fecunditatis 

on the southwest; the Mersenius set  l ies near Mare Humorumt,~ the 

northeast ; and the Arihaeus -Hygirms system i s  located immediately 

1 - 2  1 A 

Some of"the most conspicuous s t ra ight  r i l l e s  of the lunar sur- 

A l l  these r i l les are 
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t o  the southeast of Mare Vaporum. Some of these r i l l e s  occur en t i r e ly  

within maria materials, some ent i re ly  within the terrae,  and others 

occur i n  both. 

The general form of the r i l les i s  that of  a long narrow trench 

I n  detai l ,  a single r i l l e  i s  often seen with inward dipping walls. 

t o  consist of a ser ies  of en echelon trenches, the pattern duplicating 

i n  miniature tha t  observed on a large scale f o r  various members of the 

r i l l e  s e t .  

i n  par t icu lar  show en echelon patterns.  

acterized by the presence of c ra te r  chains along t h e i r  f loors  and by 

Cauchy I R i l l e  and r i l l e s  of the Ariadaeus-Hyginus system 

Many s t ra ight  r i l les  are char- 

the presence of an abundance of small c ra te rs  i n  bordering regions. 

Small  c r a t e r  chains are present along Cauchy I Ri l l e  and along menibers 

of the Apollonius and Goclenius se t s  and are  par t icular ly  abundant 

along members of the Ariadaeus-Hyginus system. I n  addition, small 

c;-&ttei- d&ns occasionally cross the s t ruc tura l  trends of many of the 

r i l l e s ,  par t icular ly  i n  areas where the main s t ruc tura l  grain i s  crossed 

by a l e s s  conspicuous se t  of r i l l e s .  Grid patterns so defined are  v i s -  

ib le  a t  the southeast end of the Cauchy s e t  i n  the te r rae  septum which 

divides Mare Tranqui l l i t a t i s  from Mare Fecunditatis, i n  the t e r r a  

betweenMare Fecunditatis andMare C r i s i u m  and i n  the t e r r a  near the 

Godenius s e t .  

p a r a l l e l  old, subdued s t ruc tura l  grains i n  the te r rae .  The para l le l -  

i s m  of old and young features  i n  both sets of the gr id  systems i s  indi-  

cat ive of resurgent movements on old s t ruc tura l  l ines  created during 

an e a r l i e r  phase of lun r history.  The re la t ive  ages of the younger 

r i l les  i s  apparentla- the same. 

I n  a l l  cases, both se t s  of r i l l e s  of the gr id  systems 

' 

B 
c 
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The Ariadaeus-Hyginus Ril le  system exhibits many of the features  

charac te r i s t ic  of the s t ra ight  rilles and f o r  t ha t  reason it i s  t reated 

i n  some de ta i l .  

The Ariadaeus-Hyginus Ri l le  system is  one of the most prominent 

markings on the lunar surface. The system i s  located immediately t o  

the  southeast of Mare Vaporum. It consists of two se ts ,  the north- 

westerly trending Hyginus se t  and the west-northwesterly trending 

Ariadaeus se t .  The Hyginus set i s  represented by a single r i l l e ,  

Hyginus, which extends some 100 km northwestward from the c ra t e r  Hyginus. 

The r i l l e  cuts mare material throughout most of i t s  extent but passes 

in to  is land mountains of t e r r a  material where it bifurcates  and dies 

out.  The r i l l e  i s  a broad, shallow depression characterized by the 

presence of a continuous c ra te r  chain extending northwestward from 

the cra te r  Hyginus f o r  half i t s  length. The trend of the r i l l e  i s  

t h e  6ame as the l inear  grain of the terra of t h i s  region, the radial 

Imbrium pat tern.  

The Ariadaeus se t  consists o f  two prominent r i l l e s ,  Ariadaeus and 

a pa ra l l e l  structure normally considered t o  be par t  of the Hyginus r i l l e .  

The r i l l e  s e t  extends f r o m  the t e r r a  immediately south of Mare Vaporum 

southeastward through the  c ra te r  Hyginus and across the t e r r a  t o  Mare 

Tranqui l l i t a t i s .  The southeastern portion of the r i l l e  s e t  can be seen 

i n  Fig. 2.  The two major r i l l e s  of the s e t  are  en echelon i n  plan, 

one becoming prominent where the other dies out. The r i l l e  passing 
c 

beneath the c ra te r  Hyginus extends about 115 km t o  the east-southeast 

before it dies out i n  tge  terra north of the c ra t e r  Agrippa. It also 

extends westward from the c ra te r  Hyginus f o r  75 km as a ser ies  of 
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4 en echelon segments eventually terminating against the terra. E a s t  

of Hyginus the r i l l e  i s  a prominent depression consisting of a series 

of troughs rather  than a single valley. 

set at two places, but there i s  no indication tha t  the offsets were 

produced by l a t e r a l  displacements. The sense of the of fse t s  i s  ident i -  

c a l  t o  the en echelon pattern exhibited throughout the r i l l e  se t .  Cra- 

t e r  chains trend across the s t r ike of the r i l l e  precisely i n  those 

places where the apparent off s e t s  occur. 

e t e r s  greater than 1 Inn occur within the depression and small cra te rs  

are more numerous near the r i l l e s  than elsewhere on the lunar surface. 

The troughs appear t o  be of f -  

Occasional c ra te rs  with diam- 

The r i l l e  imediat.ely east  of Hyginus i s  3 t o  4 km wide, shallow, and 

has inward dipping w a l l s .  

The Ariadaeus R i l l e  becomes prominent where the more southerly 

r i l l e  dies  out. It extends across the t e r r a  some 270 km t o  the edge 

Gf m*Uu.-= rn-- - . - , .~77 .*-  7 0 * -. 

d e t a i l  by Fielder (1961). 

i i s i i y u i L l i  Lazis. 'i?iie r i l l e  has been descrTbed in  excellent 

It i s  about 5 km wide i n  i t s  middle region, 

' shallower than wide, and has several apparent of fse t s  along i t s  course. 

The apparent offsets  are in  the same sense already mentioned and are 

more l i ke ly  a resu l t  of en echelon development of the trench rather  

than displacement by wrench fault ing.  

th is  r i l l e  than along the other members of the se t ,  y e t  one prominent 

c3zZ.z~ ~f ran- craters can be seen along the f o o t  of the northern WalL 

of ;he r i l l e  mid- between the  craters  Silberschlag and Ariadaeus. 

The r i l l e  terminates at  Mare Tranqui l l i ta t is  in  a c lus te r  of craters .  

Branches from the r i l l e  extend southeastward into Mare Tranqui l l i t a t i s  . 

and form a family of structures bordering the mare on the southwest. 

There are fewer c ra te rs  along 

N 

I 
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The Arcuate Rilles 

There are numerous examples of arcuate r i l l e s  on the lunar surface, 

par t icu lar ly  around Mare Serenitatis ,  Mare Imbrium, and Mare Humorum. 

The arcuate r i l les a l l  have the i r  concave sides toward the maze about 

which they are  located. 

those marginal t o  Mare Humorum. 

of the group. 

The best developed arcuate s t ructures  are 

These are considered as representative 

The most spectacular arcuate r i l l e s  on the lunar surface are found 

on the eas t  and southeast margin of  Mare H u m o m .  

and Campanus Ri l les  (6 i n  Fig. 1) form a se t  of great arcuate structures 

There the Hippalus 

extending over hundreds of kilometers of the Moon's surface. 

occur i n  the t e r r a  but cut mare material where embayments extend into 

the  t e r r a .  

respects except for  t h e i r  shape in plan. They are  long, narrow, shal-  

low troughs w i t h  inward dipping walls and low re l i e f  f loors .  

a t e  r i l l e s  may join as do Campanus I and Hippalus 11, o r  they may 

occasionally be connected by short transverse structures.  

The r i l les 

These r i l l es  a re  similar t o  the s t ra ight  r i l l e s  i n  a l l  

The arcu- 

Leibig I Ri l le  i s  located on the western margin of Mare Humom 

(7 i n  Fig. 1 and Fig. 3) .  It extends from j u s t  north of the c ra te r  

Leibig G around the margin of Mare Humorum t o  the Crater Gassendi. 

Immediately north of the c ra t e r  Leibig G it has monoclinhl o r  n o m 1  

f a u l t  morphology w i t h  the mare side down over a distance of 70 km. 

Directly on trend t h i s  s t ructure  assumes normal r i l l e  morphology f o r  

70 or  80 km. 

s t ruc tura l  modification tf the surface, but  d i rec t ly  on trend a 

Then, f o r  about 25 km there is  no indication of any 
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s t ruc tura l  l i ne  reappears with normal f a u l t  morphology, again with the 

mare side down. This s t ructure  extends into the o ld  c ra te r  Gassendi 

where it dies out. 

Origin of Straight and Arcuate Rilles 

The s t ra ight  and arcuate r i l l e s  are similar i n  morphology t o  ter-  

r e s t r i a l  f a u l t  structures.  Most have graben morphology, long f a u l t  

troughs bounded by inward dipping normal faults, shallower than wide, 

frequently displaying en echelon development. Some notable examples 

of very large t e r r e s t r i a l  grabens are the Rhine Valley and the East 

Mrican R i f i  Valleys. 

are  of a scale comparable t o  the lunar r i l l e s ,  although many of these 

There are innumerable t e r r e s t r i a l  grabens which 

no longer ex is t  as surface depressions. 

Earth 's  crust  coupled with the processes of erosion and deposition 

The greater mobility of the 

k".rn destroyed i r i  of these as iaridscape features,  yet the record 

remains in  the rocks. Ter res t r ia l  grabens are  ch&acterist ically 

accompanied i n  space and time by volcanism, both along the  trench and 

bordering it. I n  addition there are examples of normal f a u l t  morphol- 

ogy on the lunar surface. The Straight Wall bordering Mare Nubium 

on the west and portions of the Leibig I Ri l le  are excellent examples. 

There i s  l i t t l e  doubt t ha t  these structures have formed by r e l a t ive  

downward movements of the maria. 

Normal f a u l t s  and normal f au l t  bounded troughs (grabens) develop 

on the Earth where the crust  is under tension. 

only mechanism of extension of which a b r i t t l e  crust  i s  capable. 

They are formed by the  

Extension of the  crust  is%arely seen as a simple pulling apart  of 

c rus ta l  segments, but ra ther  it is accomplished by bending of the 
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b r i t t l e  crust  i n  response t o  verticalmovements, e i t he r  posit ive upward 

movements or by d i f fe ren t ia l  downward movements. 

t he  b r i t t l e  c rus t  over the bend is under tension and it fractures .  

The fractures  by which extension is  accomplished reach deeply in to  the 

Earth, deeply enough t o  tap actual o r  potent ia l  magmas, f o r  volcanic 

ac t iv i ty  i s  spacially re la ted  t o  normal faul t ing.  

ogical s imilar i ty  between lunar r i l l e s  and t e r r e s t r i a l  grabens has 

been pointed out. 

regional tension is  t o  be expected. 

regions boqdering the low lying maria. 

the  major r i l l e s  i s  shown i n  Fig. 1. The relationship between the 

r i l les  and the maria borders is striking. It i s  well known that the 

maria are low areas of the lunar surface. Thus the r i l l e s  are located 

precisely i n  those locations where tension i s  t o  be expected, where 

L e  k r l a -  SuiYace benas down from the higher te r rae  to  the lcver maria. 

There is  thus l i t t l e  doubt t ha t  the lunar r i l l es  a re  s t ruc tura l  fea- 

tures  of tensional or igin.  

normal f a u l t s  . 

During the bending 

The great morphol- 

The s t ructural  set t ing of the r i l l e s  i s  one where 

A l l  the  r i l l e s  discussed are  i n  

The s t ruc tura l  se t t ing  of a l l  

, They are almost cer ta inly grabens and 

The Irregular ly  Branching Ri l les  
, 

There are  many examples of  complicated r i l l e  pat terns  on the lunar 

surface, patterns characterized by frequent branching and spoke-like 

extensions from a point i  This patterr, i s  ~ o s t  frequently seen i n  old, 

large c ra te rs  such as Gassendi, Mersenius, Helvetius and Posidonius, 

but it i s  also prominently displayed i n  the region near the c ra t e r  

Triesnecker. The r i l les k t h i n  Gassendi and near Triesnecker are 

typ ica l .  
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The cra te r  Gassendi l i e s  on the northwestern border of Mare Humorum 

(8 i n  Fig. 1 and Fig. 3) 4 

and a depth of 2000 meters. 

It i s  a large c ra te r  with a 110 km diameter 

There i s  a cent ra l  c luster  of three peaks 

w i t h  elevations approximately that  of the rim. 

the  same elevation as the nomountainous t e r r a  t o  the west and i s  s l igh t ly  

The cra te r  f loo r  has 

higher than Mare H~~morum t o  the south. The c ra te r  i s  o ld  by re la t ive  

standards, having the large crater  Gassendi B superimposed on i ts  north- 

ern r i m  and a number of smaller craters  on i t s  floor. Furthermore, the 

southern c ra te r  w a l l  has been breached by Mare Humom material  and a 

small portion of i t s  f loor  has been inundated. The arcuate r i l l e  

Leibig I whichborders Mare I - Imo~un on the west cuts the southwest 

w a l l  of the c ra te r .  Gassendi i s  thus at l ea s t  older than the last 

phase of f i l l i n g  of Mare Humorum. A number of intersecting r i l l e s  

l i e  within the wallsof Gassendi. 

iriviiaiLl.jj W L Z i  ihe mare border r i i i e s ,  but instead i s  s t r ikingly simi- 

lar to  a comnon f rac ture  pat tern in b r i t t l e  rocks above domical u p l i f t s  

on the Earth. 

l a r  mechanism of  origin.  The f au l t s  in  the Gassendi s t ructure  suggest 

that the central  region of the c ra te r  has been upwarped and tha t  the 

fau l t ing  i s  a resu l t  of e l a s t i c  deformation i n  the upper b r i t t l e  layers 

of the  lunar surface above a plast ic  o r  visco-elastic region of defor- 

mation. 

the  c ra t e r  a f t e r  formation was out of gravi ta t ional  equilibrium and 

subsequent i sos t a t i c  adjustment occurred with upwarping of  the cent ra l  

c r a t e r  region. Whatever the mechanism, the doming and fractur ing must . 

have been complete before%he last stages of m a r e  f i l l i n g  because the 

r i l l e s  terminate against the mare material i n  the southwestern par t  of 

the  c ra te r .  

The pattern has no orientation re la -  

+.---%.:- --- 

The s t r ik ing  similari ty of form suggests a somewhat simi- 
A 

It i s  possible tha t  the driving force w a s  gravitational,  i .e.,  
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The same kind of pattern j u s t  described occurs i n  the region 

between the c ra te rs  Hyginus and Triesnecker. It is  present over a 

much larger  area, however, and i s  marked by frequent c ra te r  chains 

within the r i l l e s  and by small crater c lus te rs  i n  surrounding regions. 

The pat tern can best  be explained by normal fau l t ing  i n  a region of 

c rus t a l  tension. The s t ruc tura l  se t t ing  of the region i s  such that 

crustalbending,  and hence crustal  tension, i s  t o  be expected. The 

Triesnecker area i s  bordered on three sides by low regions of the lunar 

crust ,  Sinus Medii t o  the southwest, Mare Vaporum t o  the north, and a 

very low lying region of terra material t o  the eas t  and southeast. 

arch in  the Triesnecker area could have developed by d i f f e ren t i a l  down- 

ward movements, greater in  the l o w  regions than i n  the fractured por- 

t ion .  

f rac ture  pat tern observed. 

A n  

Arching of b r i t t l e  rocks could produce exactly the kind of 

The Sinuous Ri l les  

A number of i r regular  r i l l e s ,  snaking i n  plan, can be seen on 

' the  lunar surface. 

than the s t ra ight  and arcuate structures described above. Some examples 

of the sinuous r i l l e s  a re  Schrzters Valley, Hadley Ril le ,  The Aristarchus 

R i l l e s  I11 through V I I I ,  the  Prinz and Harbinger Mountains Rilles, 

These r i l les are usually smaller and less obvious 

La Hire I Ri l le ,  and Marius Ri l le .  

The La Hire I ( 9  i n  Fig. 1) mc? 

of those occurring on the low re l ie f  

ous i n  over-all  plan, but often have 

Marius r i l l e s  are  character is t ic  

maria. They are narrow and sinu- 

reaches which are s t ra ight  for 

several  kilometers. 

t ions  of the r i l les .  

Occasional crater  chains are  present along por- 

Neither is st ructural ly  associated with maria 
rr 
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ridges although some sinuous r i l l e s  do follow along the c res t s  of the 

ridges.  These appear as more o r  less continuous c ra te r  chains. The 

exact mode of or igin of the sinuous r i l les not associated with maria 

ridges i s  uncertainly known. Most probably have been the locus of 

minor volcanic ac t iv i ty  and as  such are  probably narrow trenches of 

tensional origin.  

The sinuous r i l l e s  of the Harbinger Mountains and the Aristarchus 

region are  peculiar i n  t ha t  they most commonly have an associated cra- 

t e r  o r  c r a t e r  chain at  t h e i r  heads. 

t o  t ha t  of ,a t e r r e s t r i a l  stream channel. 

generally downslope from the  terminal c ra te r .  

has described the unique character of these r i l l e s  and t h e i r  s imilar i ty  

t o  eroded terrestrial valleys. 

t i on  by eroding glowing avalanche eruptions. 

t ions  on the Earth are known t o  be erosive but the magnitude of the 

r i l l e s  i s  such as t o  require very extensive erosion. 

The shape of the r i l l e s  i s  similar 

The trend of the r i l les i s  

W. S. Cameron (1964) 

She has proposed a mechanism of forma- 

Glowing avalanche erup- 

The sinuous val-  

leys  may have been eroded by glowing avalanche eruptions, but the wri ter  

believes tha t  they owe much of t h e i r  development t o  f rac tures  which 

developed i n  the r ig id  crust  during a process of arching. Most of the 

sinuous r i l l e s  i n  question l i e  within a rectangular mountainous block. 

1 

The r e l i e f  of the block suggests that  it i s  made up of premaria mate- 

r ial .  The area therefore may represent an arch of older rocks sur- 

rounded on a l l  sides by lower lying mare material  of Oceanus Procellarum. 

Fracturing of the arched region may have produced the r i l l e s  and at the 

same time provided avenues of ascent f o r  volcanic materials, the erup- - 

t i o n  of which fur ther  modbied the r i l les.  

r 
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THE RIDGES 

Maria ridges (wrinkle ridges) a re  i r regular ly  trending low ridges 

They are  at  most a f e w  hun- which are  found exclusively on the maria. 

dred meters high and are  broad, up t o  20 km i n  width at  the base. 

They are  usually sinuous i n  plan but a few are s t ra ight .  

c i rcu lar .  

i n  over-all  plan w i t h  t h e i r  concave sides toward the maria centers. 

The ridges are  often discontinuous, frequently en echelon i n  pat tern 

and i n  many cases have multiple crests .  

ern portio; of Mare Sereni ta t i s  i s  shown i n  Fig. 5. 

c r e s t s  are  occasionally marked by c ra te r  chains and narrow sinuous 

r i l l e s .  

zones but always in te r ior ly  with respect t o  the border r i l l e s .  

relationship c a i b e  seen i n  Fig. 1. Tne ridges and r i l l e s  ra re ly  cross; 

i n  those cases where they do the r i l l e s  are  the younger (see Fig. 5).  

Ridges i n  other maria and i n  Oceanus Procellarum do not have a simple 

arcuate plan. 

and Mare Frigoris.  

Some are 

Those which occur i n  the c i rcu lar  maria are  usually arcuate 

A prominent ridge on the eas t -  

Noncircular ridge 

The ridges i n  the circular maria mostly occur i n  the border 

This 

Many occur i n  l inear  b e l t s  as i n  Oceanus Procellarum 

The formation of the maria ridges i s  closely linked with maria 

formation. 

late-maria age. 

and probably older than most r i l l e s .  

ridges i s  not the same fo r  all. 

t i a l l y  buried ridges. 

Their presence on the maria surfaces indicates a post- o r  

They are  def ini te ly  older than post-mwia craters ,  

The mechmism of er igin of the 

Some are  undoubtedly buried o r  par- 

This origin i s  most obvious i n  the case of ghost 

c ra te rs  where ridges on the maria surfaces define c i rcu lar  s t ructures .  
R 
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Different ia l  compaction of sediments over bedrock highs t o  produce 

ridge structures i s  a well-known t e r r e s t r i a l  feature .  Similar s t ruc-  

tu res  could have developed on the Moon by d i f f e ren t i a l  compaction of 

maria materials over old c ra te r  rims. I f  maria development took place 

over a lengthy period of time numerous ring structures would have been 

produced on t h e i r  surfaces at various stages of maria f i l l i n g .  

developed ju s t  p r ior  t o  the l a t e s t  f i l l i n g  would be ref lected i n , t h e  

Those 

surf ace topography. All gradations between barely recognizable ring 

structures and well-defined craters  can be observed. This h d i c a t e s  

that c ra te rs  developed at various stages of maria growth and are i n  

different  stages of inundation, some pa r t i a l ly  covered on t h e i r  flanks, 

some breached and par t i a l ly  f i l l ed ,  and some completely covered - t h e i r  

presence now recorded by low re l ie f  ridges where d i f f e ren t i a l  compac- 

t ion  over t he i r  r i m s  has.given them surface expression. 

A few l inear  ridges in  the maria near the te r rae  nay have been 

produced i n  the same manner. Occasional ridges i n  the te r rae  can be 

traced into maria regions as maria ridges. Possible examples can be 

seen at  the north edge of Mare Fecunditatis and at  the south edge of 

Mare Crisium. Such relationships are  not numerous, however, and t h i s  

mechanism cannot account f o r  the origin of most maria ridges. 

Baldwin (1963) s ta ted tha t  maria ridges are of compressional ori- 

gin produced by the collapse of great lava domes which a re  now the 

m a r i a .  This process could produce tension on maria borders and simul- 

. taneous compression i n  t h e i r  inter iors .  The over-al l  dis t r ibut ion of 

maria ridges, however, does not support t h i s  -thesis. The ridges ~ 
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i n  the circular  maria occur i n  peripheral regions and not i n  the 

in t e r io r .  

would produce marginal compression only. 

It i s  not l ike ly  tha t  collapse of great volcanic domes 

Maria ridges are  superficially similar t o  pressure ridges pro- 

duced i n  the frozen surface crust  of s t i l l  flowing lava sheets. 

Pressure ridges develop on t e r r e s t r i a l  basa l t  flows with t h e i r  long 

axes pa ra l l e l  t o  flow f ronts .  

of lava with re la t ive ly  low viscosity, maria ridges could have been 

produced by t h i s  mechanism. 

flows could, have been so extensive as t o  have individual flow f ronts  

hundreds of kilometers long. 

r idges a re  flow features.  

I f  the maria are  composed of vast  flows 

It is  highly unlikely, however, that  such 

It is improbable, therefore, t h a t  the 

The only other possible mode of formation of maria ridges i s  tha t  

they are  volcanic ridges b u i l t  over feeder dikes during f i s su re  erup- 

V I V l l Y .  

r a t e s  of erosion on the Earth. 

r idges produced by f i ssure  eruptions are  i n  Iceland. 

t ions  have taken place there  during h i s to r i c  t i m e s ,  spreading highly 

f l u i d  basal t  and f ine  e jec ta  over wide areas. 

originated from innumerable points along a f i ssure ,  obviously fed by 

dikes o r  dike s w a r m s .  

c-: ^Y St i - l e t  t e r r e s t r i a l  analogies a re  rare because of tne rapid 

The bes t  known examples of surface 

A number of erup- 

The flows and e j ec t a  

It i s  worthwhile t o  summarize the typical  sequence of events i n  

an Icelandic eruption cycle. Eruption begins with f i ssure  opening 

accompanied by explosive ac t iv i ty  producing loca l  accumulations of 

breccia. Following the i n i t i a l  explosive stage enormous volumes of . 

highly f l u i d  magma pour out flooding wide areas a During t h i s  stage 
Q 



intense fountain ac t iv i ty  occurs along the f i ssure .  As the  magna 

emission phase wains, mildly explosive ac t iv i ty  continues along the 

f i s su re  building small breccia ramparts and spat ter  cones. The ram- 

par t s  and cones coalesce t o  form discontinuous l inear  ridges over the 

feeder dikes. 

adjacent c ra te rs  along t h e i r  summits. Further modification of the 

The ridges so formed are  chasacterized by numerous small 

ridges sometimes occurs by renewed r i s e  of l iquid magma producing small 

lava lakes and short  flows. A t  the end of the eruptive cycle ma.gma 

withdrawal takes place i n  the feeder dikes leaving pa r t i a l ly  open f is-  

sures bridged by congealed surface lavas. 

cover produces debris f i l l e d  trenches along the ridges. 

Local collapse of the lava 

It i s  suggested here tha t  most of the m a r i a  ridges had a s i m i l a r  

The mechanisms of eruption probably d i f f e r  i n  d e t a i l  mode of origin.  

because of the differences i n  the physical environments on the Earth 

and on the Moon. The s imi la r i t i es  a re  that  vast volcanic outpourings 

were fed from f i ssures  of tensional or igin and tha t  i n  the last stages 

of any one eruptive cycle ridges were constructed above the f i ssures .  

The flows may have been produced e i ther  by highly mobile lavas s i m i l a r  

t o  those of the Icelandic eruptions o r  by glowing avalanches which 

overflowed from the f i ssures  and formed widespread ignimbrite sheets. 

The location of many of the ridges i n  the border regions of each 

of the c i rcu lar  mairia suggests that m y  of the feeder dikes were 

intruded in  arcuate tension fractures produced during a stage of down- 

warping of the circum-maria crust .  Some linear ridges are present i n  

the c i rcu lar  maria as w e l l .  Their trends often coincide with prominent’ 
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l i nea r  trends i n  nearby t e r r ae  as Arthur (1962) has pointed out. 

f rac tures  i n  the bedrock certainly have exerted control on the  f i n a l  

pat terns  developed by dike intrusions. 

Old 

THE DOMES 

Maria domes are broad, low features with basal diameters of a 

few kilometers and heights of a few hundxed meters. 

c r a t e r s  and a f e w  have summit spines. 

domes i s  shown i n  Fig. 1. 

res t r i c t ed , to  the maria (but do not  occur i n  a l l  of them) tha t  the 

Many have summit 

The dis t r ibut ion of maria 

Arthur (1962) has shown tha t  the domes are  

domes are f’urther r e s t r i c t ed  t o  maria borders or areas where evidence 

indicates  a shallow fill, and that the domes occur i n  groups. 

The morphology of the domes i s  such tha t  a volcanic or igin is  

highly probable. The structures could r e su l t  from laccol i thic  in t ru-  

sions i n  s t r a t i f i e d  maria materials or from extrusion of magma i n  the 

form of endogenous domes o r  small shield volcanoes. Laccoliths form 

when the hydrostatic pressure of an intruding magma i s  suff ic ient  t o  

l i f t  the weight of overlying stratified rocks. The intruding magma 

then spreads l a t e r a l l y  along bedding planes and l i f t s  the overlying 

rocks t o  produce a lens shaped mass of intrusive rock covered by a 

dome of s t r a t i f i e d  rocks. Rocks over the arch are frequently fractured 

and eruptive laccol i ths  resu l t .  

Endogenous domes are lava domes which grow from within. They 

r e su l t  when highly viscous lava reaches the surface. 

face of the lava so l id i f i e s  and becomes fissured, both by cooling 

The upper sur- 

4 

I 

1 ,  
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contraction and by continued expansion of the dome by addition of 

molten material from below. Such domes grow intermittently often 

accompanied by explosive ac t iv i ty  and occasional lava flows. The 

bulk of the growth i s  internal,  however, producing small, steep sided 

domes. 

of the lava i n  the conduit result ing i n  the formation of a subsidence 

c ra te r  i n  the apical  region. 

sutnmits where highly viscous lava has been extruded through summit 

f ractures .  The shapes of typical t e r r e s t r i a l  endogenous domes are 

The f i n a l  stage of dome formation i s  often marked by r e t r ea t  

Occasional spines are observed on dome 

, unlike thoee of the maria domes i n  tha t  they are  steeper and higher. 

The Puy de Sarcoui i n  Auvergne i s  a typical  example; it has a height 

of 150 rneters and a basal diameter of only 400 meters. 

Relatively unmodified small shield volcanoes a r e  known in kel.anfL 

These domes are built o f  high- f l u i d  lava streams which overflowed 

swmnit craters .  

height and often measure l e s s  than 100 meters. 

are  great,  as much as 20 times the i r  height. 

between 100 and 2000 meters i n  diameter. The form of these sinall shield 

volcanoes i s  thus quite compzrable with tha t  of the maria domes. 

domes, then, are most l ike ly  laccoliths o r  small shield volcanoes. 

Precise age relationships are uncertain but they must have been pro- 

duced during the most recent phase of maria volcanic ac t iv i ty .  

The Icelandic domes ra re ly  exceed 1000 meters i n  

Their basal diameters 

The summit c ra te rs  vary 

The 

INT-TED MARIA HISTOHY 

The morphology and s t ructural  se t t ing  of most of the lunar r i l les  - 

indicates t ha t  they are tectonic features of tensional or igin prohced  
4 

c 

I 
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i n  the  lunar surface rocks by l a t e  downward bending movements along 

the borders of the m a r i a .  

i n  maria border regions. 

origin.  

above dike feeders intruding along tension fractures .  

t o  be produced by e i ther  small central  volcanic eruptions o r  laccol i thic  

intrusions of volcanic rocks. The ridges and domes a l s o  occur i n  border 

regions of the  maria where crustal  tension allowed large scale intru-  

sion of feeder dikes. The maria ridges are located on the mare side 

of the r i l l e s  and are ra re ly  in  close proximity t o  the lat ter struc- 

The maria ridges and domes are also found 

Their morphology points toward a volcanic 

Most of the ridges are probably volcanic ridges constructed 

The domes appear 

tures .  

date the r i l l e s .  

and r i l l e s  w a s  par t  of an orderly sequence of events tha t  probably 

n c c u r r ~ d  reppated-1 y dur ing  a long history of maria growth. 

the natural  history of the maria may be reconstructed. 

R a r e  age relationships further indicate that the ridges pre- 

This suggests t h a t  the formation of the domes, ridges, 

Accordingly, 

The m a r i a  at  some t i m e  in  the past existed as low areas on the 

lunar surface. 

taken by many as evidence of an impact origin.  

s ible .  

took a f i n i t e  and probably lengthy period of t i m e .  

The circular  outlines of many of the maria have been 

Other origins are pos- 

Whatever t he i r  origin the basins were f i l l e d  by a process which 

Evidence as t o  the 

order of magnitude of tha t  t i m e  interval i s  lacking. 

has presented extensive evidence tha t  the maria basins remained unf i l led  

Baldwin (1963) 
I 

f o r  a long time interval .  H i s  reasoning i s  based on the assumption that 

the maria basins were formed by hypervelocity impact. Ident ica l  reason- 

ing does not apply i f  the basins are assumed t o  have formed by some - 

other  mechanism; but whatever mechanism,of formation i s  envisaged a 

lengthy period of time i s  required t o  account f o r  the de t a i l s  of w i a  

format ion. 
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Volcanism began some time af te r  basin formation. 

i s  cer ta inly not exclusively fragmental material o r  dust. 

ably does form a su r f i c i a l  covering but an excessively deep layer, 

unless very effect ively bonded, would not behave e l a s t i ca l ly  t o  pro- 

duce the r i l l e  structures,1 nor could volcanic c ra te r  chains i n  the  

rift valleys o r  the snaking maria ridges be accounted for .  

ing i s  almost cer ta inly volcanic. 

the lavas, however, i s  not available. 

not of the same age. 

of impact origin.  

The basin f i l l i n g  

Debris prob- 

The f i l l -  

Evidence as t o  the composition of 

The maria basins are  probably 

They are  cer ta inly of different  ages i f  they m e  

It is  reasonable t o  assume, however, t ha t  maria vol- 

canic ac t iv i ty  represents a particular period of lunar his tory when 

near surface temperatures had r isen suf f ic ien t ly  t o  produce p a r t i a l  

fusion of lunar material. The period of appropriate temperature d i s -  

tr55utien my have existed over a considerable time vhen catastrophic 

impacts o r  extensive c rus t a l  fracturing occurred.. The basins then 

became the locus of extensive volcanic ac t iv i ty .  

from catastrophic impacts o r  other energy sources, f ractur ing of the 

lunar surface t o  deep levels provided channels f o r  actual  o r  po ten t ia l  

magma t o  ascend. It i s  suggested tha t  the i n i t i a l  maria basins were 

flooded by volcanic material issuing from the fractures .  

the i n i t i a l  phase of lava flooding and outgasing the maria basins began 

t o  founder over the region of extensive magma removal. 

foundering regions peripheral t o  the basins were warped down producing 

tension f rac tures  and f au l t s ,  arcuate i n  some, l i nea r  i n  others. 

Further dike intrusions occurred along the newly opened f rac tures  and 

Whether originating 

Following 

CL 
During the 

I This interpretat ion i s  not contradicted by Ranger VI1 photographs. 
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and basin f i l l i n g  continued. The above sequence of events occurred 

repeatedly u n t i l  the near surface temperatures were so modified by 

magma ascent that the process came t o  a v i r tua l  end with a phase of 

foundering t o  produce the presently observed r i l l e s  i n  the maria 

border regions. 

ing producing explosion craters  along many of the grabens on the maria 

Slight volcanic ac t iv i ty  continued with mild degas- 

borders. 

the maria volcanic ridges which developed over the feeder dikes and 

The last  stage of extensive maria volcanism i s  recorded by 

by the m a r i a  domes. 

i n  Fig. 6.  

The proposed mechanism i s  i l l u s t r a t ed  graphically 

According to  t h i s  hypothesis the circular  maria s ta r ted  as c i rcu lar  

depressions. 

represent a coalescence of growing basins which have flooded downwarped 

border areas. 

depression o r  se r ies  of l inear  depressions. 

The i r regular ly  shaped maria and Oceanus Procellarum 

Mare Frigoris must have grown from an or iginal ly  l inear  
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FIGURE TITLES 

Fig. 1. The Moon showing the prominent r i l les,  ridges, and domes. 

Numbers indicate features considered at length i n  the text. 

Fig. 2. Southeastern portion of the Ariadaeus Ri l le .  Note the en 

echelon pat tern of the r i l l e  segments. 

r i l l e  s e t s  bordering Mare Tranqui l l i t a t i s  on the  west and 

southwest and the more internally located ridges. 

Northern and western part  of Mare Humorum showing the 

s t ra ight  Mersenius Ri l le  set, the arcuate Leibig I R i l l e  at  

tke immediate mare border, and the i r regular  r i l l e  pattern 

i n  the old c ra te r  Gassendi. 

Also note the arcuate 

Fig. 3 .  

Fig. 4. The sinuous Hadley Rille.  Note tha t  the r i l l e  is  composed of 

three segments terminating i n  craters .  

Typical maria ridges i n  the eastern par t  of Mare Sereni ta t is .  

Note the r i l les  i n  the south which cut the ridges. 

An idealized sketch of maria growth. 

Fig. 5 .  

Fig. 6. 














